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Composite fermions (CFs), exotic particles formed by pairing an even number of flux quanta
to each electron, provide a fascinating description of phenomena exhibited by interacting two-
dimensional electrons at high magnetic fields. At and near Landau level filling ν = 1/2, CFs
occupy a Fermi sea and exhibit commensurability effects when subjected to a periodic potential
modulation. We observe a pronounced asymmetry in the magnetic field positions of the commensu-
rability resistance minima of CFs with respect to the field at ν = 1/2. This unexpected asymmetry
is quantitatively consistent with the CFs’ Fermi wave vector being determined by the minority car-
riers in the lowest Landau level. Our data indicate a breaking of the particle-hole symmetry for CFs
near ν = 1/2.
Interacting two-dimensional (2D) carriers at low tem-
peratures and in high perpendicular magnetic fields ex-
hibit a remarkable spectrum of many-body states, a
hallmark of which is the fractional quantum Hall state
(FQHS) [1]. The FQHS is elegantly described through
the concept of composite fermions (CFs), weakly inter-
acting quasi-particles formed by pairing an even num-
ber of flux quanta with each carrier [2–4]. Composite
fermions can account for essentially all the FQHSs ob-
served around Landau level filling factor ν = 1/2 by
treating them as integer QHSs of CFs in a reduced mag-
netic field given by B∗ = B − B1/2, where B1/2 is the
field at ν = 1/2 [2–4]. Moreover, the CF picture provides
two equivalent approaches to understand the FQHSs ob-
served in the range ν > 1/2 and maps them to those seen
for ν < 1/2 [4]. One approach considers the negative B∗
for B < B1/2 as a field antiparallel to the external field
and maps, e.g., the FQHS at ν = 2/3 to the one at 2/5;
this predicts FQHSs at effective B∗ which are symmetric
about B1/2. An alternative approach postulates that, in-
stead of having a negative B∗, CFs are formed by holes.
This approach maps an electron filling factor ν to a hole
filling factor 1− ν, e.g., ν = 3/5 to 2/5, implying a sym-
metry between FQHSs in filling factor about ν = 1/2.
Another fundamental property of CFs at and very near
ν = 1/2 is that they occupy a Fermi sea and therefore
possess a Fermi contour [3–14]. The CF Fermi contour
has been probed in a number of geometrical resonance
experiments where the commensurability (or resonance)
of the quasi-classical CF cyclotron orbit with the period
of a potential modulation in the 2D plane is detected and
is used to determine the CF Fermi wave vector [6, 9–14].
Here we report magnetoresistance data of unprecedented
high quality which reveal an unexpected asymmetry in
the positions of the CF commensurability features around
ν = 1/2, both as a function of field and filling factor. On
the B > B1/2 side, the B
∗ position of the resonance we
observe is consistent with the Fermi wave vector expected
for CFs if their density is assumed to be equal to the elec-
tron density. For B < B1/2, however, the resonance is
closer to B1/2, implying a smaller Fermi wave vector for
the CFs. We can quantitatively account for the asymme-
try if we assume that the CF density is equal to the den-
sity of the minority carriers in the spin-resolved, lowest
Landau level (LLL), namely, if the CF density is taken to
be the density of electrons when B > B1/2 (ν < 1/2) but
of holes when B < B1/2 (ν > 1/2). Our results strongly
suggest that CFs are formed by pairing up of flux quanta
with the minority carriers in the LLL. The asymmetry
further indicates a breaking of the particle-hole symme-
try for CFs near ν = 1/2, as it raises the question: Why
do electrons, and not holes, determine the CF Fermi wave
vector for B > B1/2, and vice versa for B < B1/2?
We studied 2D electron and hole systems (2DESs
and 2DHSs) confined to symmetric GaAs quantum wells
(QWs) grown via molecular beam epitaxy on (001) GaAs
substrates. The QW widths are W = 30 to 50 nm for
electrons and 17.5 nm for holes. The carriers are lo-
cated 131-190 nm under the surface and are flanked on
each side by 95-150 nm thick, undoped Al0.24Ga0.76As
barrier layers and δ-doped layers. The δ-doping in the
electron and hole samples is Si and C, respectively. The
2D densities are ' 1.2 − 3.0 × 1011 cm−2, and the mo-
bilities are ' 106 − 107 cm2/Vs. Each sample is covered
with a periodic grating of negative electron-beam resist
which, through the piezoelectric effect in GaAs, induces
a periodic density modulation [13–16]. The period of the
gratings in our samples range from a = 150 to 400 nm.
We performed experiments in 3He refrigerators with base
temperatures of T ' 0.3 K.
The highlights of our findings are outlined in Fig. 1,
where we show the magnetoresistance trace of a 2DES
confined to a 40-nm-wide GaAs QW and with a sur-
face grating of 200 nm period. The grating results in
a periodic local 2DES density modulation which in turn
spatially modulates the effective magnetic field B∗ ex-
perienced by the CFs in the vicinity of ν = 1/2. The
modulated magnetic field leads to commensurability os-
cillations, seen in Fig. 1, flanked by shoulders of higher
resistivity [9–14]. The resistance minima appear at the
well-established magnetic commensurability condition:
2R∗C/a = i + 1/4, where i = 1, 2, 3..., a is the period
ar
X
iv
:1
40
6.
23
79
v1
  [
co
nd
-m
at.
me
s-h
all
]  
9 J
un
 20
14
2(     )
R
 (k
Ω
)
2
1
0
12 14 16
B (T)
1 2
i = 3
i = 1
4
9
3
7
5
9
4
7
3
5
0.2
0.3
0.4
0.5
ν = 1/2
13.6 14.4 15.2
B (T)
n   =* n   = n
i = 123321
B* B*’
n = 1.74 x 1011 cm-2
T = 0.3 K
3
171513
(a)
*1-ν nν
(b)
14.814.0
i i
W = 40 nm
a = 200 nm
-0.8 -0.4 0.40 0.8
B (T)*
 ν = 
ν = 1/2
FIG. 1. (color online) (a) Magnetoresistance trace for a 2DES with density n = 1.74× 1011 cm−2 and subjected to a periodic
potential modulation, exhibiting strong CF commensurability oscillations near ν = 1/2. The inset schematically shows the
commensurability condition of the quasi-classical CF cyclotron orbits, marked as i = 1, 2, and 3, with a periodic potential
modulation. Dotted vertical lines mark the expected positions of the FQHSs, based on the 2D electron density. (b) The CF
commensurability oscillations are shown in greater detail. Vertical solid lines mark the expected positions of the resistance
minima when the CF density (n∗) is assumed to be equal to the electron density; these positions are symmetric about ν = 1/2.
If n∗ equals the minority density, then the expected positions for the B < B1/2 side are those shown with dashed vertical lines.
The schematic insets indicate the basis of the CF minority density model which assumes that CFs are formed by the minority
carriers in the LLL (hatched parts of the broadened level).
of the modulation, R∗C = ~k∗F /eB∗ is the CF cyclotron
radius, k∗F =
√
4pin∗ is the CF Fermi wave vector, and n∗
is the CF density [9–14]. If we assume that n∗ is equal
to the 2D electron density n on both sides of ν = 1/2,
the above commensurability condition predicts resistance
minima at effective fields B∗i = ±[2~
√
4pin∗]/[ea(i+1/4)]
that are symmetric around B∗ = 0 (i.e. around B1/2).
These B∗i , which are marked with solid vertical lines la-
beled i = 1, 2, 3 in Fig. 1, agree with the experimental
data for B > B1/2, especially for i = 1 where the deep-
est minimum is seen. The commensurability minima for
B < B1/2, however, appear to the right of the expected
values, as clearly seen in Fig. 1(b).
On the other hand, if we assume that, for B < B1/2,
CFs in the LLL are formed by the minority carriers,
i.e., holes, the commensurability condition predicts the
dashed vertical lines in Fig. 1(b), which show better
agreement with the experimental data. We elaborate on
these observations in the remainder of the paper. We
emphasize that the field positions of the FQHSs we ob-
serve in the same sample are quite consistent with those
expected based on the filling factors and the 2D elec-
tron density, as seen by the vertical dotted lines in Fig.
1(a). This is true for the FQHSs observed on both sides
of ν = 1/2.
Under the assumption that the density of CFs is equal
to the density of the minority carriers in the LLL (see
insets to Fig. 1(b)), the expected B∗i for CF commen-
surability for B > B1/2 are the same as before because
the minority carrier density equals n. For B < B1/2,
however, according to our assumption, the CF density is
equal to the density of holes in the LL: n∗ = 1−νν n. Using
this n∗ in the CF commensurability condition leads to a
quadratic equation for the expected positions B∗′i of the
commensurability minima whose relevant solution can be
approximated as B∗′i ' B∗i + B∗2i /B1/2 [17]. In this ex-
pression we are giving B∗′i in terms of B
∗
i for the case
when n∗ = n. The expression for B∗′i implies that for
B < B1/2, the minima should be seen closer to B1/2 by
' B∗2i /B1/2. The calculated values of B∗′i for i = 1, 2, 3
are shown in Fig. 1(b) with vertical dashed lines, and
are in good agreement with the B < B1/2 experimental
data.
Having established a possible explanation for the
asymmetry in the positions of the CF commensurabil-
ity resistance minima, we now consider data from sam-
ples with different parameters. In Fig. 2, we show data
from four 2DES samples. Their density, QW width, and
modulation period are given next to each trace, and the
expected positions of the CF commensurability minima
are indicated with vertical solid and dashed lines. The
observed positions of the minima in all traces show an
asymmetry, which is well captured by the minority den-
sity model. In the a = 400 nm trace, the minima appear
very close to ν = 1/2 and are nearly symmetric, as are
the predicted positions from both models.
The asymmetry of the CF commensurability minima
is not unique to 2DESs. It persists in 2DHSs whose data
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FIG. 2. Magnetoresistance traces near ν = 1/2 for four 2D
electron samples, normalized to the resistance value R1/2 at
B1/2. Each trace is accompanied with a box whose top row
gives the 2D electron density in units of 1011 cm−2, while its
bottom row contains the QW width W and the modulation
period a in nm. The expected positions of the minima when
n∗ = n are marked with vertical solid lines which are symmet-
ric about ν = 1/2. The dashed lines represent the expected
positions from the minority CF density model.
are shown in Fig. 3. In all samples, the features are
asymmetric with respect to ν = 1/2, and the asymmetry
is captured well by the minority CF density model. Note
that for 2DHSs this model implies that CFs are formed
by holes for ν < 1/2 and by electrons for ν > 1/2.
In order to quantify the asymmetry and assess how
well it is explained by the minority CF density model,
in Fig. 4 we summarize the i = 1 positions of the ob-
served minima, normalized to the expected value (B∗1)
if n∗ = n is assumed, for several 2DHSs (a) and 2DESs
(b). In all cases the normalized positions of the minima
for B > B1/2, denoted by B
∗
1,> (open symbols), are very
close to unity, confirming that the n∗ = n assumption
is consistent with the experimental data. The average
value of B∗1,>/B
∗
1 is 0.998 and the standard deviation
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FIG. 3. Magnetoresistance traces, normalized to the resis-
tance value R1/2 at B1/2 in the vicinity of ν = 1/2 for three 2D
hole samples with W = 17.5 nm, density ' 1.5× 1011 cm−2,
and different modulation periods. The expected positions of
resistance minima based on n∗ = n model are indicated with
vertical solid lines which are symmetric about ν = 1/2. The
dashed lines represent the expected positions from the minor-
ity CF density model.
is 0.011. On the other hand, the normalized B < B1/2
data, denoted by B∗1,< (closed symbols), are smaller than
unity for all the samples, indicating that an asymmetry
exists in all the experimental traces. Figure 4 plots also
include the expected positions of the minima based on
the minority density model (B∗′1 ), also normalized to the
values if n∗ = n were assumed; these B∗′1 /B
∗
1 values are
shown by short horizontal lines. The experimental data
for B < B1/2 agree fairly well with the horizontal lines,
with a standard deviation of 0.017 [18]. We conclude
from Fig. 4 plots that the asymmetry is ubiquitous and
its magnitude can be understood reasonably well based
on the minority CF density model.
What other factors could cause the asymmetry? One
might argue that the asymmetry comes about because
the CFs are fully spin polarized when B > B1/2 and
therefore their Fermi wave vector is consistent with n∗ =
n, but they are only partially polarized when B < B1/2
because of the lower B. However, our data rule out this
possibility. For example, the B < B1/2 CF commensu-
rability minimum in the high-density W = 30 nm 2D
electron QW with n ' 3.0 × 1011 cm−2 is observed at
B ' 23.6 T; this is much higher than B ' 15 T where
the lower density samples show their B > B1/2 minimum.
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FIG. 4. (color online) Summary of the positions of the observed CF commensurability minima for i = 1, labeled B∗1,> (open
symbols) for B > B1/2 and B
∗
1,< (closed symbols) for B < B1/2. Short horizontal lines mark the expected positions B
∗′
1 of the
minima for B < B1/2 based on the minority CF density model. All these fields (B
∗
1,>, B
∗
1,<, and B
∗′
1 ) are normalized to the
expected values B∗1 based on the commensurability condition with n
∗ = n. Data for 2DHSs are shown in (a) and are grouped
based on the modulation period a. The 2D hole density in each group increases from left to right. Data for 2DESs are shown
in (b); for all 2DES samples a = 200 nm except for the last W = 40 nm QW, where a = 400 nm.
Another possibility is that the CFs experience not a pure
magnetic potential modulation but rather a mixed mag-
netic and electrostatic modulation. Such a possibility has
been invoked [11, 12] to explain an asymmetry observed
in the steep resistance rises as one moves farther from
B1/2, past the commensurability minima. This does not
explain the asymmetry we observe in the positions of the
commensurability minima [19]. The theoretical calcula-
tions, which assume a fixed CF density equal to the elec-
tron density, indeed predict minima which are symmetric
about B1/2 [11].
To summarize, our data reveal: (1) a persistent asym-
metry in the field positions of the commensurability re-
sistance minima of ν = 1/2 CFs across many 2D elec-
tron and hole samples, (2) the observed minimum for
B > B1/2 agrees with the position expected for CFs with
density equal to the 2D carrier density, but the minimum
for B < B1/2 is closer to ν = 1/2 and its position is con-
sistent with the CF density being equal to the density
of minority carriers in the LLL. We emphasize that the
asymmetry we observe in field positions of the commen-
surability minima implies an asymmetry, with respect
to ν = 1/2, of a very similar magnitude in filling fac-
tors at which we see these minima. For example, for the
data of Fig. 1, we observe commensurability minima at
ν = 0.474 and 0.527; relative to ν = 0.500, this trans-
lates to an asymmetry of about 5% which is similar to the
asymmetry in B∗ for the same trace (see Fig. 4(b)). Our
data thus indicate that the CF commensurability min-
ima are not observed at ν and 1 − ν, as expected from
a simple particle-hole symmetry principle, pointing to a
subtle breaking of this symmetry. It is possible that the
breaking is caused by the non-idealities, such as disorder,
LL mixing and finite layer thickness of real, experimental
samples. The combination of LL mixing and three-body
interaction, e.g., has been suggested to lead to a lifting
of the degeneracy of the Pfaffian and anti-Pfaffian states
near ν = 5/2 [20–22]. In our case, the LL mixing and the
three-body interaction could render a lower ground-state
energy for electron-flux CFs compared to the hole-flux
CFs for B > B1/2, while for B < B1/2 the ground-state
energies would be reversed. However, we emphasize that,
even in ideal systems, what determines the Fermi wave
vector of CFs is a non-trivial question when one consid-
ers that, away from ν = 1/2, the electrons and holes in
the LLL have unequal densities.
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